Background & Aims: Cystathionine ␤-synthase (CBS) deficiency causes severe hyperhomocysteinemia, which confers diverse clinical manifestations, notably liver disease. To investigate this aspect of hyperhomocysteinemia, we performed a thorough investigation of liver pathology in CBS-deficient mice, a murine model of severe hyperhomocysteinemia. Methods: The degree of liver injury and inflammation was assessed by histologic examination, by measurements of products of lipid peroxidation, and by formation of carbonyl groups on protein as a measure for the occurrence of protein oxidation. Analysis of profibrogenic, proinflammatory factors and cell apoptosis was performed by Western blots, real-time quantitative reverse-transcription polymerase chain reaction, caspase-3 activity, DNA laddering, and TUNEL assay. Results: Histologic evaluation of liver specimens of 8-to 32-week-old CBS-deficient mice showed that CBS-deficient mice develop inflammation, fibrosis, and hepatic steatosis, concomitant with an enhanced expression of tissue inhibitor of metalloproteinase-1, ␣-smooth muscle actin, pro(␣)1 collagen type I, transforming growth factor-␤1, and proinflammatory cytokines. Moreover, even if the proapoptotic protein Bax was dominantly expressed and Bcl-2 was down-regulated, caspase-3 was not activated, DNA laddering was not detected, and number of positive TUNEL cells was not increased in liver of CBS-deficient mice compared with wild-type mice. Conclusions: The results show that hyperhomocysteinemia in liver of CBS-deficient mice promotes oxidative stress, which may cause mitochondrial damage in association with activation of hepatic stellate cells, leading to liver injury. The absence of caspase-3 activation, DNA fragmentation, and TUNELpositive cells shows that protective signals may counteract apoptotic signals in liver of CBS-deficient mice.
S evere hyperhomocysteinemia is a heterogeneous autosomal recessive disease involving inborn errors of homocysteine (Hcy) metabolism, which lead to substantially elevated levels of total homocysteine (tHcy) in plasma. 1 Hcy is a thiol-containing amino acid produced during methionine (an essential amino acid supplied by dietary proteins) metabolism via the adenosylated compounds S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH), a potent competitive inhibitor of transmethylation reactions. Once Hcy is formed, it may be recycled to methionine after remethylation by 2 different pathways. The first one involves methionine synthase (MS), an enzyme that uses vitamin B 12 (cobalamin) as an essential cofactor and 5-methyltetrahydrofolate as the methyl donor. The 5-methyltetrahydrofolate is generated by 5, 10-methylene tetrahydrofolate reductase (MTHFR), which plays a central role in the metabolism of Hcy. 2 The second pathway, which occurs in the liver and the kidney, involves the enzyme betaine-homocysteine methyltransferase (BHMT). Hcy may also undergo condensation with serine to form cystathionine. Condensation of Hcy to cystathionine is catalyzed by the vitamin B 6 -dependent enzyme cystathionine ␤-synthase (CBS), the first enzyme involved in the transsulfuration pathway. Cystathionine is subsequently hydrolyzed to form cysteine by cystathionine ␥-lyase, and cysteine, in turn, can be used to synthesize the antioxidant glutathione (GSH) or to be further metabolized to sulfate and excreted in the urine. Hcy can also revert back to SAH via reversal of the SAH hydrolase reaction. 2 Under physiologic conditions, the formed Hcy is predominantly re-methylated to methionine by MS, whereas, in conditions in which an excess of methionine is present, or cysteine synthesis is required, Hcy enters the pathway leading to the formation of cysteine. 3 Severe hyperhomocysteinemia is caused by genetic defects in the enzymes involved in Hcy metabolism, the most common disorder being a deficiency of CBS. 1 The clinical manifestations of severe hyperhomocysteinemia because of CBS deficiency are very diverse. 1 The most common manifestations are vascular complications. 3 Patients with CBS deficiency also have hepatic steatosis. 1 Moreover, the hepatic lesion, characterized by fatty infiltration, observed in patients with hyperhomocysteinemia, can be accompanied by perisinusoidal or central venous fibrosis and fibrosis of hepatic arterioles. 4 The pathogenesis of liver disease in hyperhomocysteinemia because of CBS deficiency is unclear, but several mechanisms have been postulated. Hyperhomocysteinemia-induced endoplasmic reticulum stress in hepatocytes from mice having diet-induced hyperhomocysteinemia results in an enhanced lipid biosynthesis, leading to hepatic steatosis. 5 The basic steatosis of the liver in CBS-deficient mice, a murine model of severe hyperhomocysteinemia, has been described, 6 but a thorough investigation of liver pathology has not been yet performed, and only mice younger than 21 days were used in this study. We have recently demonstrated that the expression of various genes involved in severe oxidative processes is abnormal in the liver of CBS-deficient mice. 7 Oxidative stress is manifested by an elevated production of reactive oxygen species (ROS). ROS production would be expected to result in accumulation of oxidatively modified forms of proteins and lipids, and both experimental and clinical studies have shown that lipid peroxidation is often associated with the development of liver fibrosis. 8 The purpose of this study was to determine whether hyperhomocysteinemia is associated with enhanced protein oxidation and lipid peroxidation in liver of CBS-deficient mice. Because lipid peroxidation products are known to be associated with chronic liver injury, we examined the degree of steatosis, inflammation, and fibrosis of CBS-deficient mice livers of diverse age by histologic analysis. We performed biochemical analysis of proinflammatory, profibrogenic, proapoptotic, and antiapoptotic factors and quantified messenger RNA (mRNA) expression of genes involved in inflammation and cellular injury in liver of CBSdeficient mice.
Materials and Methods

Animals and Experimental Protocols
Heterozygous CBS-deficient (CBS ϩ/Ϫ) mice were generously donated by Dr. N. Maeda (Department of Pathology, University of North Carolina, Chapel Hill, NC) and maintained in a controlled environment with access to unlimited food and water. All animals received human care according to the criteria outlined in the guide for the Care and Use of Laboratory Animals. CBS ϩ/Ϫ mice were bred to obtain homozygous CBS-deficient (CBS Ϫ/Ϫ) mice. This produced CBS Ϫ/Ϫ and wild-type (CBS ϩ/ϩ) mice from the same breed of mice. At weaning and during their lifetime, CBS Ϫ/Ϫ and CBS ϩ/ϩ mice from the same litter were fed a diet supplemented with 1.592 g/kg choline chloride salt with free access (Usine d'Alimentation Rationnelle, Epinay sur Orge, France) because CBS Ϫ/Ϫ mice died at a young age when fed a standard laboratory diet. The wild-type littermates were also fed the same supplemented chow to avoid differences because of diet. Genotyping for the targeted CBS allele was performed by polymerase chain reaction with DNA isolated from tail biopsy specimens. 6 
Preparation of Tissue and Serum Samples
At time of death, blood samples were collected in tubes containing a 1:10 volume of 3.8% sodium citrate and immediately placed on ice, and plasma was isolated by centrifugation at 2500g for 15 minutes at 4°C. Liver was harvested. A portion of liver tissue was fixed in 4% paraformaldehyde solution in phosphate-buffered saline (PBS) and then embedded in paraffin for histologic analysis. Another portion of liver tissue from the same animal was rinsed in PBS and embedded in Tissue-Tek O.C.T. compound (ThermoShandon, Pittsburgh, PA). The remaining liver was snap frozen and stored at Ϫ80°C until required.
Plasma and Hepatic Homocysteine Assays
tHcy was assayed in plasma and crude liver extracts after a reduction of protein-bound homocysteine by dithiothreitol, with a fluorescence polarization immunoassay, using an Abbott IMX analyzer (Abbott Laboratories, Mississauga, Ontario, Canada) as previously described. 7 The results obtained were normalized according to the total protein concentration of liver extracts.
Morphologic Studies and Collagen Morphometry
Microtome-generated 4-m serial sections were collected on Superfrost slides, dried at 56°C, and stained with H&E to assess steatosis, inflammation, and necrosis or Sirius red to assess fibrosis. The degree of inflammation was graded to none, mild, moderate, and severe according to Knodell et al. 9 Steatosis was rated according to the percentage of hepatocytes containing macrovesicular fat 10 : 0 is none; 1 is up to 33%; 2 is 33%-66%; and 3 is Ͼ66%. Histopathologic scoring for fibrosis was as follows: 0, no fibrosis; 1, fibrous portal expan-sion; 3, bridging fibrosis; and 4, cirrhosis, according to Knodell et al. 9 To determine lipid content, 8-m cryostat sections were collected on Superfrost slides, fixed in 4% paraformaldehyde in PBS, and stained with oil red O or Nile red. Collagen was quantified by videodensitometry of Sirius red stained sections of livers using a Leica light microscope. We measured collagen density (given as percentage) on 8 fields per section. To increase the specificity of collagen detection and eliminate as far as possible the yellow background, we performed the analysis on colored images using the Quant'Image software (Talence, France). Perivascular areas were not included in this analysis.
Gel Electrophoresis, Western Blot, and Immunodetection of Carbonyls Groups on Proteins SDS/PAGE was done using the Laemmli method 11 on a 12% acrylamide (wt/vol) separating gel. Total protein liver extracts (20 g) were subjected to sodium dodecyl sulphatepolyacrylamide gel electrophoresis (12% polyacrylamide gels), transferred to Hybond nitrocellulose membrane (Amersham Life Science, Arlington Heights, IL), and blocked with Tris buffer (1.5 mmol/L Tris base, pH 8, 5 mmol/L NaCl, 0.1% Tween 20) containing 5% skimmed milk. The Western blot analysis was performed with antibodies specific for either Cu,Zn superoxide dismutase 1 (SOD1) (1:1000 dilution) (Calbiochem), tissue inhibitor of metalloproteinase-1 (TIMP-1) (1:5000 dilution) (Chemicon), tumor necrosis factor-␣ (TNF-␣) (1:1000 dilution) (Chemicon), Bax (1:2500 dilution) (Chemicon), and Bcl-2 (1:250 dilution) (Chemicon). Binding of the primary antibody was detected by incubation with the horseradish peroxidase (HRP)-conjugated secondary antibody (NEW ENGLAND BIOLABS, INC, Beverly, MA), using the Enhanced ChemiLuminescence (ECL) system (Amersham Life Science). Immunoblot detection of carbonyl groups was performed with the Oxy-Blot oxidized protein detection kit (Oxyblot Detection, Intergen, Chemicon). Ten micrograms of proteins were incubated for 15 minutes at room temperature with 2,4-dinitrophenylhydrazine (DNPH) to form the carbonyl derivative dinitrophenylhydrazone before SDS/PAGE separation. After transfer onto nitrocellulose membrane (Bio-Rad), modified proteins were revealed by anti-2, 4-dinitrophenol antibodies. Detection of bands in immunoblots was carried out with the ECL Western blotting analysis (Amersham Pharmacia Biotech). The blots were stripped with 0.2 mol/L glycine, 1% SDS, 1% Tween 20, pH 2.2, for 60 minutes at room temperature. Digitized images of the immunoblots obtained using a LAS-3000 imaging system (Fuji Photo Film Co., Ltd.) were used for densitometric measurements with an image analyzer (Multi Gauge software, Fuji Photo Film Co., Ltd.).
Lipid Peroxidation
The lipid peroxidation content of liver homogenates was estimated from the malondialdehyde (MDA) and 4-hydroxyalkenals (4-HNE) levels using a lipid peroxidation assay kit (Calbiochem-Novabiochem Corp.).
Caspase-3 Activity
Caspase-3 activity was measured using the caspase-3 colorimetric activity assay kit (Chemicon), which monitors the cleavage of N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (DEVDpNA). The substrate was incubated with 80 g cytosolic fraction for 2 hours as recommended by the manufacturers.
DNA Fragmentation Assay
DNA was isolated from liver samples, and fragmentation was detected using TACS DNA laddering kit (R&Systems, Chemicon). Before electrophoresis, samples were reacted with Klenow enzyme and Dig Labelling dNTP. Next, samples were subjected to electrophoresis on a 1.5% agarose gel and transferred to nylon membrane (Amersham Pharmacia Biotech). Nonspecific binding sites were blocked in PBS containing 5% skimmed milk at room temperature for 30 minutes, and the membrane was incubated with streptavidin-HRP conjugate. Blots were washed and processed for fragmentation detection with a chemiluminescent system using PeroxyGlow.
TUNEL Assay
Apoptosis was determined by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate biotin nick end-labeling (TUNEL) assay using the ApopTag in situ apoptosis detection kit (Chemicon). The slides were counterstained with methyl green.
Determination of mRNA Levels
The mRNA levels were assessed by real-time quantitative reverse-transcription polymerase chain reaction (Q-PCR). Total RNA was prepared from livers from 8-, 12-, and 20-week-old CBS ϩ/ϩ mice and CBS Ϫ/Ϫ mice by the guanidinium thiocyanate procedure. The quantity and purity of the RNA were assessed by measuring absorbance at 260 and 280 nm. Reverse transcription was carried out on 2 g total RNA as described by the manufacturer (Ambion). cDNA (0.2 L) was diluted with PCR mix (Light Cycler FastStart DNA Master SYBR Green I Kit, Roche Diagnostics) containing a final concentration of 3 mmol/L MgCl 2 and 0.5 mol/L primers. The primer-annealing temperature was 65°C. Primer sequences are given in Table 1 . The mouse SOD1 mRNA was used as an endogenous control. 7 ⌬⌬Cp analysis of the results allows one to assess the ratio of the mRNA of transforming growth factor-␤1 (TGF-␤1), ␣-smooth muscle actin (␣-SMA), pro(␣)1 collagen type I (Pro-(␣)collagen I), TNF-␣, interleukin 6 (IL 6), and CD 14 vs. SOD1 mRNA.
Data Analysis
Statistical analysis was done by ANOVA followed by unpaired Student t test using Statview software. In both cases, Student-Newman-Keuls tests were used for multiple pair-wise comparisons. The results are expressed as mean Ϯ SEM. Data were considered significant when P Ͻ .05.
Results
Total Plasma and Hepatic Homocysteine Levels in CBS-Deficient Mice
Plasma tHcy concentration was 50-fold higher in CBS Ϫ/Ϫ mice, which is considered as a murine model of severe hyperhomocysteinemia, 6 than that in CBS ϩ/ϩ mice (205 Ϯ 86 vs. 3.9 Ϯ 0.9 mol/L, respectively; P Ͻ .0001 by Student t test [n ϭ 4 for each]). The mean hepatic concentration of tHcy in CBS Ϫ/Ϫ mice was approximately 20-fold higher than that in CBS ϩ/ϩ mice (tHcy concentrations were 6.44 Ϯ 3.86 vs. 0.34 Ϯ 0.14 nmol/mg of cellular protein, respectively; P Ͻ .001 by Student t test [n ϭ 5 for each]). Therefore, CBS Ϫ/Ϫ mice may be suitable for the study of liver defects associated with severe hyperhomocysteinemia.
Analysis of Oxidative Modifications in Liver of CBS-Deficient Mice
The formation of carbonyl groups on protein provides a measure for the occurrence of protein oxidation and serves as an indicator of oxidative stress. 12 Detection of protein-associated carbonyl groups, derivatized by treatment of protein samples with DNPH, is a common method for a general assessment of protein oxidation. Analysis of cytosolic extracts from liver tissue of 12-week-old CBS ϩ/ϩ mice and CBS Ϫ/Ϫ mice by this method revealed an increase in the level of oxidatively modified proteins ( Figure 1B) , whereas coomassie blue label of cytosolic proteins did not show any differences ( Figure 1A ). Western blot analysis was also performed utilizing an antibody for SOD1 as control hybridization because we have shown no difference in hepatic SOD1 protein production. 7 Densitometric analysis of immunoblots demonstrated an approximate increase of 30% in oxidatively modified proteins (P Ͻ .01 by Student t test, n ϭ 4 for each). Interaction of free radical species with polyunsaturated fatty acids results in the production of a variety of aldehydes and alkenals. MDA and 4-HNE are end products derived from peroxidation of polyunsaturated fatty acids and related esters. Measurement of such aldehydes provides a convenient index of lipid peroxidation. The levels of MDA and 4-HNE in liver of 12-weekold male CBS Ϫ/Ϫ mice were ϳ30% higher than in CBS ϩ/ϩ mice (29.7 Ϯ 3.2 vs. 21.4 Ϯ 1.47 pmol/mg protein, respectively; P Ͻ .02 by Student t test [n ϭ 5 for each]). Taken together, these results demonstrate an enhanced protein oxidation and lipid peroxidation in liver of CBS Ϫ/Ϫ mice.
Characterization of the Liver Injury in CBS-Deficient Mice
CBS Ϫ/Ϫ mice died at a young age when fed a standard laboratory diet and developed hepatic steatosis and fibrosis around 15 days after birth (data not shown).
To investigate histopathologic features present in the liver of CBS Ϫ/Ϫ mice of diverse ages, CBS Ϫ/Ϫ mice and CBS ϩ/ϩ mice from the same litter were fed at weaning on a diet supplemented with choline. Various histologic parameters were graded semiquantitatively as described in the Materials and Methods section. Livers Figure 1 . Detection of oxidatively modified cytosolic proteins. Cytosolic extracts were prepared from liver of 3-month-old CBS ϩ/ϩ mice (ϩ/ϩ) and CBS Ϫ/Ϫ mice (Ϫ/Ϫ). The coomassie blue stained gel of total proteins is presented in A. The detection of oxidatively modified proteins (B) was accomplished using the Oxyblot-kit. The extracts were treated with DNPH to derive protein carbonyls and then separated by SDS-PAGE (10 g protein per lane, 12% polyacrylamide). Western blot analysis was performed utilizing polyclonal antibodies to the 2, 4-dinitrophenyl moiety and antibody for SOD1 (SOD1) as control hybridization. 7 For quantification, the optical densities of 2, 4-dinitrophenyl moiety immunoreactive bands were measured and normalized to the optical densities of SOD1 immunoreactive bands in the same samples. from 8-week-old CBS Ϫ/Ϫ mice showed foci of perilobular mononuclear inflammatory infiltrate around the vessels (Figure 2A ). Mild inflammation persisted during the ageing of CBS Ϫ/Ϫ mice ( Figure 2A ). However, hepatocyte necrosis was not found. Sirius red-stained sections also revealed mild fibrosis around the vessels from 8-week-old CBS Ϫ/Ϫ mice ( Figure 2B ). The progression of hepatic fibrosis was assessed by staining hepatic collagen deposition/accumulation with this method. By week 12, pericellular fibrosis is found (data not shown), with fibrotic strands enveloping vesicleladen hepatocytes at week 18 ( Figure 2B ). The score of fibrosis was 1. Mild portal fibrosis persisted at week 32 ( Figure 2B ). Indeed, quantification of collagen using Sirius red staining showed an ϳ50-fold increase in liver of CBS Ϫ/Ϫ mice (4.7% Ϯ 0.49% vs. 0.1% Ϯ 0.03%, respectively; P Ͻ .0001 by Student t test [n ϭ 6 for each]). In addition to inflammation and fibrosis, the 12-weekold mice possessed cytoplasmic macrovesicular lipid droplets (data not shown), which became localized at 18 weeks ( Figure 2A ) and more extensive in liver of CBS Ϫ/Ϫ mice from 32 weeks (Figure 2A ). Steatosis grade was 1 in liver of 12-and 18-week-old CBS Ϫ/Ϫ mice, and 2 in liver of 32-week-old CBS Ϫ/Ϫ mice. We therefore used oil red O ( Figure 2C ), a commonly used staining for the detection of triacylglycerols and cholesteryl esters, and Nile red ( Figure 2D ) to stain lipid deposits in frozen tissue sections of CBS ϩ/ϩ and CBS Ϫ/Ϫ livers isolated from mice of different ages. Both staining methods revealed clusters of lipid droplets containing triglycerides ( Figure 2C and 2D) . However, even if small, individual lipid droplets were revealed with both stains at 32 weeks and appear to be detected more readily by Nile red staining like fatty acids.
Analysis of Profibrogenic and Proinflammatory Factors in Liver of CBSDeficient Mice
Liver fibrosis results from the deposition and accumulation of type I collagen and from inhibition of collagen degradation by interstitial collagenase because Figure 2 . Histopathologic changes in the liver of CBS Ϫ/Ϫ mice. Liver specimens were taken from mouse livers of 8-, 18-, and 32-week-old CBS ϩ/ϩ (ϩ/ϩ) and CBS Ϫ/Ϫ (Ϫ/Ϫ) mice for microscopic examination. Microtome-generated sections prepared from the excised liver specimens were stained with either H&E (A) to assess liver histology or Sirius red to assess development of liver fibrosis (B). Photomicrographs from livers of 8-week-old CBS ϩ/ϩ and Ϫ/Ϫ mice were more contrasted to show mild fibrosis around the vessels. Cryostat sections prepared from the excised liver specimens were stained with either oil red O counterstained with hematoxylin (C) or Nile red (D) to assess steatosis. The results are representative photomicrographs from 3 independent experiments. Scale bars ϭ 100 m.
of increased activity of TIMP-1, 13 which plays a key role in the regulation of extracellular matrix accumulation through its ability to inhibit many matrix metalloproteinases. Because CBS Ϫ/Ϫ mice developed perivascular fibrosis from 8 weeks ( Figure 2B ), we tested the TIMP-1 production in liver of 8-week-old CBS ϩ/ϩ mice and CBS Ϫ/Ϫ mice ( Figure 3A) . Compared with protein extracts from CBS ϩ/ϩ mice, TIMP-1 expression was markedly increased in liver of CBS Ϫ/Ϫ mice at both 8 and 12 weeks ( Figure 3A ) (1.7 Ϯ 0.1 vs. 1 arbitrary unit; P Ͻ .0009 by Student t test [n ϭ 5 for each]). TIMP-1 is synthesized and secreted by activated hepatic stellate cells (HSCs) in response to fibrogenic cytokines, in particular TGF-␤1. 14 Because increased levels of TGF-␤1 mRNA have been found in experimental models of liver fibrosis, we quantified mRNA for TGF-␤1 by Q-PCR in liver of 8-and 12-week-old CBS Ϫ/Ϫ mice. Moreover, activated HSCs have been established as the source of type I collagen in the liver. 15 Because ␣-SMA is a marker of HSCs activation, we also quantified mRNA for ␣-SMA and Pro-(␣)collagen I by Q-PCR in liver of 8-and 12-week-old CBS Ϫ/Ϫ mice. As shown in Table 2 , TGF-␤1, ␣-SMA, and Pro-(␣)collagen I mRNA levels were higher than that of CBS ϩ/ϩ mice. Moreover, increased TGF-␤1 expression has been found to correspond to levels of Pro-(␣)collagen I mRNA in liver of CBS Ϫ/Ϫ mice ( Table 2) .
Two interrelated processes that could promote fibrogenesis in the case of liver injury are oxidative stress and the resultant liberation of cytokines. Proinflammatory cytokines such as TNF-␣ or IL-6, which are synthesized by hepatic Kupffer cells and play a critical role in the initiation and maintenance of inflammatory reaction, may be involved in the activation of HSCs, 16 activation of which plays a pivotal role in hepatic fibrogenesis. Moreover, TNF-␣ appears to play a central role in the development of hepatic steatosis. 17 TNF-␣ and IL-6 mRNA levels were then quantified by Q-PCR in liver of 8-and 12-week-old CBS Ϫ/Ϫ mice and were higher than that of CBS ϩ/ϩ mice ( Table 2) . We also tested the production of TNF-␣ in liver of CBS ϩ/ϩ mice and CBS Ϫ/Ϫ mice. Compared with protein extracts from CBS ϩ/ϩ mice, TNF-␣ expression was enhanced in liver of 8-and 12-week-old CBS Ϫ/Ϫ mice ( Figure 3B ) (2.05 Ϯ 0.35 vs. 1 arbitrary unit; P Ͻ .005 by Student t test [n ϭ 4 for each]). Activation of Kupffer cells has been shown to be an important initiating event leading to the production of TNF-␣. We then quantified mRNA expression of CD14, involved in Kuppfer cell activation. As shown in Table 2 , CD14 mRNA levels were higher than that of CBS ϩ/ϩ mice.
Analysis of Cell Apoptosis in Liver of CBS-Deficient Mice
Recent works have demonstrated that increased hepatocyte apoptosis is a nearly ubiquitous response of the liver to injury, associated with an inflammatory response. 18 TNF-␣ may induce the release of cytochrome c by mitochondria and the activation of caspases. 19 Moreover, steatosis is considered to be indicative for mitochondrial dysfunction. 20 We then characterized expression of the specific antiapoptotic protein Bcl-2, which has been shown to act on mitochondria and prevent the release of cytochrome c and thus caspase activation, and the proapoptotic protein Bax, which has been shown to accelerate these processes, 21 in liver of 8-and 12-weekold CBS ϩ/ϩ and CBS Ϫ/Ϫ mice ( Figure 4A ). Compared with protein extracts from CBS ϩ/ϩ mice, Bcl-2 was weakly expressed (0.18 Ϯ 0.05 vs. 1 arbitrary unit; P Ͻ .0001 by Student t test [n ϭ 4 for each]), whereas Bax expression was enhanced (2.9 Ϯ 0.41 vs. 1 arbitrary unit; P Ͻ .0009 by Student t test [n ϭ 6 for each]). Moreover, the proapoptotic ratio Bax/Bcl-2 increased significantly (up to 16 vs. 1 arbitrary unit). These results indicated that CBS-deficiency may mediate a mitochondrial apoptotic pathway. We then analyzed the internucleosomal cleavage of DNA by gel electrophoresis. Surprisingly, no DNA laddering was seen in liver of 12-, 16-, and 20-week-old CBS Ϫ/Ϫ mice ( Figure 4B ). TUNEL staining was also performed to ensure that apoptosis had not been overlooked on H&E-stained sections. Representative TUNEL-stained sections from the liver of CBS Ϫ/Ϫ mice and from the liver of control mice are shown in Figure 4C . This technique also failed to show increased numbers of apoptotic cells in CBS Ϫ/Ϫ liver. We then measured the caspase-3 activity in liver of 12-and 16-week-old CBS Ϫ/Ϫ mice. Measurement of hepatic caspase-3 activity revealed no difference between CBS Ϫ/Ϫ mice and CBS ϩ/ϩ mice (0.666 Ϯ 0.096 vs. 0.935 Ϯ 0.156 arbitrary units, respectively [n ϭ 6 for each]). Even if Western blot analysis revealed that Bcl-2 expression was decreased and Bax expression was increased, caspase-3 was not activated in liver of CBS Ϫ/Ϫ mice compared with CBS ϩ/ϩ mice.
Discussion
Despite clinical evidence for the toxicity of excess Hcy, the specific cytopathologic mechanisms of hepatocellular injury because of hyperhomocysteinemia have not been fully explored. The present study provides evidence that hyperhomocysteinemia because of CBS de- ficiency in mice was associated with increased hepatic oxidative stress. Enhanced lipid peroxidation seems to be a key feature in the liver injury observed in CBS-deficient mice. The process of lipid peroxidation generates numerous cytotoxic degradation products such as MDA and 4-HNE, which can form covalent adducts, for example, with proteins. 22 Compared with controls, liver of CBS Ϫ/Ϫ mice had greater MDA and 4-HNE concentrations. Proteins are also vulnerable to damage by ROS, and increased carbonyl formation serves as an indicator of oxidative stress. 12 We found an increase of protein carbonyls in the liver of CBS-deficient mice. Immunohistochemical and immunoblot data also showed an increase in protein tyrosine nitration, a marker of peroxynitritedependent protein oxidation in vascular tissues from CBS-deficient mice. 23 Both in vivo, [23] [24] [25] [26] and in vitro 27 data indicate that increased cellular lipid peroxidation can be associated with hyperhomocysteinemia, and it has been postulated that Hcy-dependent lipid peroxidation may be specific for tissues that express uncoupled nitric oxide synthase isoforms, 27 which emphasize the role of nitric oxide in liver injury. 28 The increased formation of these adducts also suggests that a significant proportion of these toxicants escape detoxification in vivo to form adducts with tissue macromolecules, which may lead to tissue damage. This may be ascribed to either a decreased hepatic antioxidant capability, probably because of the decreased hepatic antioxidant enzyme function like glutathione peroxidase whose activity was decreased in liver of CBS Ϫ/Ϫ mice 7 or the presence of prooxidants, such as increased hepatic Hcy.
Lipid peroxidation is the most important mechanism in the pathogenesis of acute liver damage. Here, we show that CBS-deficient mice develop inflammation, fibrosis, and hepatic steatosis. Fatty liver disease involves the accumulation of triglycerides in hepatocytes, inflammation, and often fibrosis. An inhibition of methyltransferases is considered to be one of the causes of fatty liver because the liver is the organ in which 85% of all transmethylation reactions occur. 29 Choumenkovitch et al 30 have shown an increase in SAH levels, a powerful inhibitor of SAM-dependent transmethylation reactions, 31 associated with a lower genomic DNA methylation status in liver of CBS-deficient mice. Elevated SAH levels are not likely to be the only factor contributing to fat accumulation of the liver. Werstuck et al 5 demonstrated that hyperhomocysteinemia-induced endoplasmic reticulum stress in hepatocytes results in an enhanced lipid biosynthesis by activation of the sterol regulatory element-binding protein, thus leading to hepatic steatosis. CBS ϩ/Ϫ mice fed a hyperhomocysteinemic diet have increased hepatic cholesterol and triglyceride levels through increased hepatic expression of genes involved in cholesterol and triglyceride synthesis, uptake, and storage, which results in hepatic steatosis. 5 More recently, Namekata et al 32 reported the decrease in thiolase activity, a key enzyme in oxidation of fatty acids. We have also seen lipid droplets containing triacylglycerols and cholesteryl esters by specific staining in liver of CBS Ϫ/Ϫ mice. Moreover, we have found that cytochrome P450 7B1, 33 an oxysterol 7 ␣-hydroxylase that metabolizes potent regulators of lipid homeostasis found in liver when there is a surplus of cholesterol, is up-regulated in liver of CBS Ϫ/Ϫ mice. 7 Taken together, these results show that many factors may contribute to fat accumulation in the liver in CBS-deficient mice.
In all forms of steatohepatitis, hepatic lipid accumulation is associated with oxidative stress and lipid peroxidation, processes that cause hepatocellular injury and mediate fibrogenesis. CBS Ϫ/Ϫ mice are pathologically associated with steatohepatitis and a pattern of perivenous and pericellular hepatic fibrosis around lipidladen hepatocytes. However, we found that CBS Ϫ/Ϫ mice develop hepatic steatosis more tardily than inflammation and fibrosis. This fact could be because of the diet. CBS Ϫ/Ϫ mice fed a standard laboratory diet died before 1 month of age. BHMT in liver and kidney cells can transfer a methyl group to methionine from betaine, the oxidized form of choline, providing a secondary pathway for homocysteine remethylation. 1 To allow us to study hyperhomocysteinemia in adult mice, we fed CBS ϩ/ϩ and CBS Ϫ/Ϫ mice a standard rodent chow enriched in choline, necessary to the survival of CBS Ϫ/Ϫ mice. Hepatic fibrosis is a pathologic condition characterized by a marked deposition of collagen and other components of the extracellular matrix in the liver. Lipid peroxidation can injure hepatocytes both directly and indirectly through the proinflammatory and profibrogenic properties of its end products. 34 Exposure of rat stellate cells to conditioned medium from hepatocytes undergoing oxidative stress increases proliferation and collagen I synthesis. 35 Stellate cells also produce TIMP-1. Here, we demonstrate that expression of TIMP-1 is enhanced in liver of CBS Ϫ/Ϫ mice, associated with increased levels of mRNA for markers of HSCs activation (Pro-(␣)collagen I, TGF-␤1, and ␣-SMA). Torres et al 36 have reported that exposure of cultured hepatic stellate cells to Hcy results in increased collagen production and induction of TIMP-1, which would favor decreased extracellular matrix degradation and progression to liver fibrosis. These results and ours support the potential role of hyperhomocysteinemia in liver fibrogenesis. In the pathogenesis of steatohepatitis, cytochrome P450 2E1, cytokines, oxidative stress, and activation of hepatic stellate cells seem to play a role. 37 However, in the liver of CBS Ϫ/Ϫ mice, cytochrome P450 2E1 gene expression was found to be down-regulated by cDNA expression array analysis. 7 Although cytochrome P450 2E1-derived ROS were able to potentiate activation and collagen production of hepatic HSC in vitro, 38 the absence of hepatic cytochrome P450 2E1 induction does not prevent lipid peroxidation and HSC activation in the liver of CBS Ϫ/Ϫ mice.
Fibrosis is an important component of chronic inflammatory liver disease. 39 The production of ROS increases the synthesis of several cytokines in the liver, particularly TNF-␣. We have shown that TNF-␣ expression was enhanced in the liver of CBS Ϫ/Ϫ mice. Hyperhomocysteinemia-induced oxidative stress and increased expression of cytokines, such as TNF-␣, reflect a proinflammatory state of the cell in the liver of CBS Ϫ/Ϫ mice. The host response to inflammation is associated with a wide array of metabolic changes, including alterations in lipid metabolism, 40 and the liver plays a central role in these changes. We have found altered expression of the gene encoding paraoxonase 1, a protein component of high-density lipoproteins, which has been shown to detoxify biologically active lipids in oxidized low-density lipoproteins, 41 in the liver of CBS Ϫ/Ϫ mice. 7 Moreover, Feingold et al found that TNF-␣ treatment of HepG2 cells also induces a decrease in paraoxonase 1 mRNA levels, indicating that the cytokine is capable of directly affecting liver cells to decrease paraoxonase 1 mRNA. 42 The increased synthesis of several cytokines in the liver, particularly TNF-␣ is known to initiate apoptosis. We showed decreased level of Bcl-2, increased level of Bax, and increase in the proapoptotic Bax/Bcl-2 ratio. However, caspase-3 was not activated in the liver of CBS Ϫ/Ϫ mice compared with CBS ϩ/ϩ mice. Moreover, we did not detect DNA fragmentation by agarose gel analysis of DNA extracted from the liver of CBS Ϫ/Ϫ mice, and the number of positive TUNEL cells was not increased in CBS Ϫ/Ϫ liver compared with CBS ϩ/ϩ liver. Hossain et al 43 previously showed that incubation of human aortic endothelial cells with Hcy resulted in DNA fragmentation, but these observations were made only with Hcy concentrations higher than 1 mmol/L, ie, 5 times higher than those found in CBS Ϫ/Ϫ mice. We have reported decreased expression of genes encoding ribosomal protein S3a (RPS3a) and increased expression of heme oxygenase-1 (HO-1) in the liver of CBS Ϫ/Ϫ mice. 7 Even if apoptosis may be induced in certain cell lines by lowering constitutively high levels of RPS3a expression using antisense RPS3a gene sequences, 44 HO-1 induction is a potent protective factor for cytokine-mediated apoptotic liver damage, measured by inhibition of caspase-3 activation. 45 It has also been demonstrated that HO-1-induced protection from apoptotic liver damage is independent of effects on cytokine expression. 45 Moreover, TIMP-1 has the independent effect of preventing stellate cell apoptosis, 46 further perpetuating the accumulation of matrix. Taken together, the results show that protective signals may counteract apoptotic signals induced by TNF␣, leading to chronic inflammation.
We are not able to demonstrate whether the pathologic features described in the liver of CBS Ϫ/Ϫ mice can be directly ascribed to increased hepatic Hcy. Although CBS-deficient phenotype appears to be caused by dramatically elevated Hcy concentrations, the abolition of transsulfuration because of CBS deficiency also blocks this organ-specific production of cysteine and its metabolic by-products. A recent work showed that rats fed a high-fat diet deficient in methionine and choline develop "fibrosing" steatohepatitis, with enhanced lipid peroxidation and reduced GSH biosynthesis. 47 Approximately half of the intracellular GSH pool in human liver cells is derived from Hcy via the transsulfuration pathway, 48 and depletion of GSH impairs antioxidant defenses in the face of generation of prooxidants. We and others have also found that GSH and cysteine levels are less abundant in the liver of CBS Ϫ/Ϫ mice than control mice, with 49 or without 50 the diet supplemented with choline, indicating lowered redox buffering capacity in this organ because of the loss of the transsulfuration pathway.
Hcy metabolism may be impaired in chronic liver disease, possibly contributing to fibrogenesis and disease complications. Hyperhomocysteinemia was notably observed in patients with cirrhosis, [51] [52] [53] associated with a diminished hepatic GSH content. 54 Impaired transsulfuration 51, 52 and remethylation 52, 55 have been shown in cirrhosis, notably by reduced mRNA levels of enzymes in methionine and Hcy metabolism. 56 Interestingly, rats treated with carbon tetrachloride, a well-characterized model of hepatotoxicity, develop hyperhomocysteinemia before liver fibrosis. 57 Taken together, these results and our data show that impaired CBS expression in cirrhotics may result in decreased flow of Hcy through the transsulfuration pathway and may contribute to the generation of liver damage.
In summary, an enhancement of oxidative damage (lipid peroxidation, carbonyl residues in proteins) showed in the liver of CBS Ϫ/Ϫ mice could be attributed to an oxidative stress, and may damage the mitochondria, producing liver injury. The absence of caspase-3 activation, DNA fragmentation, and positive TUNEL cells shows that protective signals may counteract apoptotic signals in the liver of CBS-deficient mice.
